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Abstract 
Polyethersulfone membranes embedded with surfactant modified montmorillonite clay, cloisite15A were prepared. In this work, membrane 
fabrication protocols, microstructural characterization, and gas permeation measurements were combined to demonstrate the improvement in 
gas separation properties by the mixed matrix membrane. Permeability and selectivity of carbon dioxide and methane were determined for the 
unfilled and filled membranes with organoclay loadings of 0.25 to 1.0 wt%. Physical properties of the membranes were determined by using 
scanning electron microscopy (SEM). Unfilled membrane exhibits lower gas permeability and selectivity compared to the coated filled 
polyethersulfone membrane with 1.0 wt% achieved the highest selectivity (46.89) and CO2 permeance of 3.71 GPU. Improvement in gas 
separation properties upon coating and thermal curing shows the potential of clay nanoflakes polymeric membrane as a promising approach in 
the separation of the gas pairs.    
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1. Introduction 
There is an increasing demand for natural gas as 
feedstock for the chemical processing industry. Raw natural 
gas collected at wellhead generally contains a wide range of 
compound including methane (75%-90%) as the largest 
component while ethane, propane, butane and other 
hydrocarbons dominate the remaining fraction [1]. Removal 
of other impurities such as carbon dioxide, water, hydrogen 
sulphide in natural gas is necessary to meet the natural gas 
pipeline specifications.  The presence of CO2 and other acid 
gases reduce the calorific value and make the gas streams 
become acidic and corrosive which can damage the pipelines 
and affecting the sustainability of the overall gas processing 
environment. Conventional methods such as adsorption 
process and cryogenic condensation for natural gas 
sweetening were found to be costly, complicated and require 
high energy consumption [2].  
Alternatively, membrane separation technology was 
sought due to the promising performances and cost 
effectiveness [3]. Aiming for a better CO2 removal, the 
challenge for the scientific community in designing the 
membrane is to provide higher energy efficiency, ease of 
scale up, increase durability, cost reduction, and high 
separation performance with a simple operating process. 
However, despite several promising features, the use of 
polymeric and inorganic membranes suffered a general trade-
off between permeability and selectivity, brittleness and 
difficulty in fabrication [4]. Arising complexity from this 
issue introduces a new concept of hybrid material known as 
mixed matrix membrane (MMM) by the incorporation of 
inorganic filler into the continuous polymer matrix. Addition 
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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of filler is expected to increase the selectivity and 
permeability and the use of flexible polymeric materials 
reduces the issue on fragility [5,6].      
In this work, organoclay montmorillonite (MMT) was 
embedded in glassy Polyethersulfone (PES) polymer. The 
overall goal of this study was to understand the effect of the 
low loading of closite15A (C15A) in PES based clay 
nanocomposites system for the removal of CO2 from CH4. We 
also examined the influence of the addition of this fourth 
component on the morphological properties of the membrane 
and compared the performance of uncoated and coated 
membrane. The as fabricated membrane will be referred as 
PES, PES/C15A0.25, PES/C15A0.5, PES/C15A0.75, and 
PES/C15A1 in this work for the pristine membrane and 
MMM, with loading concentrations of 0 to 1 wt%.  
 
2. Experimental 
2.1 Materials 
 
Commercial polyethersulfone (PES, RADEL A-300A) 
supplied by Solvay Advanced Polymers (Alpharetta, GA, 
USA) was chosen for the polymer phase. N-methyl-2-
pyrrolidone (NMP) and ethanol were obtained by Merck were 
used as the solvent and non-solvent. Organomodified 
montmorillite (OMMT), cloisite15A (C15A) was obtained 
from Southern Clay Products, Inc, USA. The clay was 
commercially modified with dimethyl, dehydrogenated 
tallow, quaternary ammonium. Clay concentration was 
determined based on the performance of the membrane 
reported previously [7]. Polymer pellets and clay particles 
were oven dried overnight at 60 ◦C for the removal of residual 
water. Other chemicals were used as received. The 
specifications of the organoclay used in this study are listed in 
Table 1.  
 
2.2 Membrane preparations 
 
PES/NMP/ethanol with a weight ratio of 29.4/49.13/21.47 
was used in this study to fabricate the flat sheet of pristine 
membrane. The dope composition was determined according 
to the procedure described elsewhere [8]. The composition of 
the dope solution is shown in Table 1. For the fabrication of 
MMM, a predetermined amount of cloisite15A (0.25 – 1.0 
wt%) from the total solid of polymer was suspended into 
NMP and ultrasonicated for 40 min to improve the dispersion 
of clay particles. 10 wt% from the total weight of PES was 
added into the solution containing a mixture of NMP and 
C15A. The mixture was stirred until complete dissolution of 
PES and the remaining polymer was added into the same 
mixture and stirred continuously for another 18 hours. Ethanol 
was added as a nonsolvent additive and the solution was 
stirred again until a homogeneous mixture was achieved. 
Solution was degassed for 40 min in an ultrasonicator to 
remove the trapped bubbles. Membranes were prepared based 
on the dry-wet phase inversion technique. The solution was 
poured onto a smooth and clean glass plate and spread at an 
appropriate thickness (250 Pm). Semi-transparent sheet was 
immersed in a water bath. After membrane structure has 
detached from the glass plate the newly formed membrane 
was transferred to another coagulant containing water and 
immersed for 1 d. Details of the fabrication conditions are 
available in Table 2.  
2.3 Membrane post treatment and coatings 
For post treatment protocol, the membrane was immersed in 
pure methanol for at least 4 h in order to remove the 
remaining solvent. Next, the membrane was dried for 3 d at 
ambient temperature. The membrane was subjected to coating 
procedure before the gas permeation was carried out. A 
circular membrane sheet 13.5 cm2 in area was immersed in 
coating solution containing 3 wt% polydimethylsiloxane 
(DowCorning Sylgard 184) in n-hexane for 10 minutes. The 
membrane was cured in the oven at 60qC for 3 d.   
 
2.4 Membrane characterizations 
  
Dispersions of the clay particles in the polymer matrix and 
morphological properties of membrane were studied by means 
of scanning electron microscope (SEM) (TM3000, Hitachi). 
The samples were observed with potential of 20 kV and 
magnification ranging from 600× to 10,000× for the surface 
and cross sections of the membrane. Prior to this observation, 
the samples were initially cracked in liquid nitrogen to a small 
rectangular shape and mounted on the sample stubs. The 
fractured membranes were coated in a sputter-coater with a 
mixture of gold and platinum.   
Gas permeation tests were carried out using the variable 
volume constant pressure method described elsewhere [9]. 
The membranes were tested with pure CH4 and CO2 (99.97% 
purity) and the measurements were conducted for three 
readings for each fresh samples. Prior to this test, the 
membrane was cut and placed on a sintered metal plate inside 
the gas permeation cell. The feed side was pressurized at 3 bar 
and the test was carried out at room temperature. Pressure 
normalized gas permeation flux or permeance for gas i, ௜ܲ ݈Τ  
was calculated as follows:    
 
                ௉೔௟ ൌ
ଵ
஺ο௣
ௗ௏೔
ௗ௧                                                           (1)     
 
where ܲ ݈Τ  is the pressure-normalized flux or permeability 
for gas i, l represents the gas penetrant i, V is the volumetric 
flow rate of gas permeated through the membrane (cm3, STP), 
A represents the membrane effective surface area (cm2) and 
was fixed at 13.5 cm2 for all the membrane samples based on 
the size of the sintered metal plate of the gas permeation 
module, t the permeation time (s) and 'p is the pressure 
difference (cmHg) across membrane. The common unit of 
pressure-normalized gas flux is denoted by GPU (1 GPU = 1 
x 10-6 cm3 (STP) cm/ cm2 s cm Hg). For each measurement, 
the separation factor or selectivity (ߙ௜ ௝Τ ሻ was calculated by 
this relationship: 
                    ߙ௜ ௝Τ ൌ ሺ௉೔ ௟Τ ሻ௉ೕ ௟Τ                                                        (2) 
                                                                   
Table 1. Characteristics of the clay (provided by Southern Clay Products). 
Characteristics Properties/Values 
Clay type Cloisite15A 
Other commercial name Quaternary ammonium salt modified 
natural montmorillonite 
Modifier concentrations 
(meq/100g) 
125 
Basal spacing (001)(Å) 31.5 
Density, U (g/cm3) 1.66 
Particle size (Pm) 2 - 13 
Modified with surfactant T = tallow (׽65% C18,׽30% C16,׽5% 
C14), HT = hydrogenated tallow, anion = 
chloride 
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Table 2. Membrane fabrication parameters. 
Parameters Values 
Solution composition PES/NMP/EtOH (29.4/49.13/21.47) 
C15A loadings (wt%) 0 – 5.0 
Evaporation time 40 s 
Casting speed 2 cm/s 
Casting temperature Ambient, 25qC 
Post treatment Water coagulant (1 d) 
Methanol coagulant (4 h) 
Drying (Ambient, 3 d) 
Coating Procedure Immersed membrane in 3% w/w solution of 
silicon in n-hexane for 10 min.  
Oven dried at 60 qC for 3 d 
 
3. Results and Discussions 
3.1 Dispersion of clay particles and morphological properties 
of membrane 
 
Fig. 1 shows the surface images of the MMM incorporated 
with C15A at different loadings varying from 0.25 to 1.0 
wt%. The clay particles were spread randomly and 
homogeneously on the surface of the membrane as depicted in 
the SEM images. Higher density of clay particles were 
observed with the increase in clay loading but no severe 
agglomerated structure was visible. In Fig. 2, a typical cellular 
membrane morphology comprising the porous substructure 
which supports the thin dense active skin layer was observed. 
Morphological properties of the membrane vary slightly with 
the incorporation of clay particles at different concentration. 
Longer finger-like structure was more evident in the pristine 
PES (Fig. 2a) membrane microstructure and below its skin 
layer. The elongated finger-like structure becomes shorter and 
bulbous as the concentration of clay increases. The possible 
explanation for this phenomenon is the change in viscosity 
due to the higher clay content. High viscosity created a barrier 
for the nonsolvent molecules to enter by reducing the 
diffusion which leads to a delayed localized phase separation 
[10].  As can be seen from Fig. 2e, formation of the finger-
like structure at the bottom of the active skin layer was 
supressed for the highest clay loading. A similar observation 
was reported by Ismail et al. [11]. Higher viscosity of casting 
solution leads to the reduction of larger finger-like 
macrovoids to smaller and shorter macrovoids because of the 
changes from instantaneous liquid-liquid demixing to a 
delayed demixing. Theoretically, a denser skin layer is 
expected however the change in the skin thickness was not 
apparent from the SEM images.    
Referring to Fig. 3, formation of void surrounding the clay 
flakes can be seen clearly and the size of the agglomerate 
varies from 3 Pm to as large as 6 Pm. Despite the use of very 
low loading of surfactant modified clay particles and 
ultrasonication to promote better dispersion [12], for the case 
of 0.5 wt%, 0.75 wt% and  1.0 wt% loading (Fig. 3), the 
increase in loading may increase the contact among the 
particles hence causing the agglomerated structure in the 
MMM. This leads to void formation and in turn affect the gas 
separation properties of the membrane. It is obvious that the 
fillers have the possibility to agglomerate even at low 
loadings and similar finding has been reported in literatures 
[13,14]. Considering that there are many factors in controlling 
the dispersion during membrane fabrication such as the 
variation of the pristine clay shape and size, sonication, 
rheology of the solution, consistency in high shear rate of 
mixing and clay concentration, it is possible to have 
discrepancy of the clay dispersion to some extent. Other 
factors such as the degree of interfacial contact between the 
clay surface and polymer matrix, changes on the crystallinity, 
polymer chain packing, free volumes of polymer and liquid-
liquid demixing process during the membrane fabrication 
protocols may also affect the changes in the distribution of 
clay. In this study, sonication and priming method were used 
to improve the dispersion of the clay.    
 
 
 
Fig. 1. SEM images for MMM surface for different clay loadings 
(magnification x 1000). 
 
 
 
Fig. 2. SEM cross sectional images for neat membrane and MMM: (a) PES 
(b) PES/C15A0.25 (c) PES/C15A0.5 (d) PES/C15A0.75 (e) PES/C15A1 
(magnification x 1800).  
 
3.2 Effect of clay loadings on gas permselectivity 
 
Values of the permeance and selectivity of CH4 and CO2 
for the membrane are tabulated as a function of clay loading 
in Table 3. CO2 permeance has increased from 0.94 to 3.0 – 
3.71 GPU for MMM. CH4 experienced a similar increase 
from 0.06 to 0.19 GPU when the loading was increase until 
0.75 wt%. The permeance suffers a reduction to 0.08 GPU for 
CH4 at 1 wt% loading. As the loading increases the selectivity 
for MMM increases from 18.12 to 46.89, an improvement up 
to 177% from the neat. Even for low clay content, it was 
observed the selectivity for PES based MMM is higher than 
the pristine PES.  
 Previously, it has been reported that the addition of clay 
particles decreases the permeance of gas molecules due to the  
tortuosity effect [15]. 
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Fig. 3. SEM cross sectional image of asymmetric MMM showing clay 
particle agglomeration (magnification x 10000).  
 
Contrary to earlier expectation, permeability for both 
gases has increased and can be associated with several factors. 
Permeability of MMM incorporated with clay is influenced by 
the concentration of the clay, orientation direction and the 
aspect ratio [16]. Formation of voids between the interfacial 
regions of the surface of the clay and polymer matrix may 
enhance the diffusion coefficient, and consequently affecting 
the permeance. As can be seen in Fig. 3, such domains exist 
for the samples containing 0.5, 0.75 and 1.0 wt%. Apart from 
the effect of interfacial void, insufficient chain packing due to 
the perturbation by filler particle can also increase the free 
volume [17]. In addition, incomplete penetration of polymer 
chain into the silicate galleries induces the additional free 
volume and caused interstitial cavities in the agglomerated 
clay [18].  
Increasing the clay content may reduce the possibility of a 
high degree of clay platelet dispersion hence promoting 
intercalated or unmixed structures. In this study, our 
observations are similar with those reported in literatures for 
the relationship of the higher clay contents and agglomeration 
[7,14].  Aggregation of the silicate layers can reduce the 
aspect ratio of the nanoparticles. Clay agglomerates have the 
tendency to form a large scale holes (pores) in the polymer 
matrix [16]. These are the crucial factors contributing to the 
lower resistance pathway for the gas molecules, consequently 
leading to Knudsen flux type of diffusion. This phenomenon 
relates to the higher permeance and lower selectivity for the 
uncoated samples in Figs. 5 and 6.  
Despite the increase in permeances for both gases, it was 
found that the selectivity of the MMM has increased 
compared to pristine PES. For an asymmetric structure, the 
skin layer plays a bigger role in the transfer resistance for the 
gas molecules to pass though compared to the substructure. 
Thin skin layer has a higher permeance but lower selectivity 
and the effect is inversely proportional for a thicker skin layer 
[9]. The increase in polymer concentration or viscosity upon 
the addition of inorganic filler affects the overall membrane 
microstructure (Fig. 2) and theoretically, the thickness of the 
skin layer. The change of thickness of the skin layer was not 
visible from the SEM images. However, formation of a denser 
substructure and the disappearance of a rounder finger-like is 
an indicator for possible changes on the skin layer. This 
eventually contributes to the improvement in the selectivity 
for MMM (PES/C15A1).  
Furthermore, few studies have also correlated the 
improvement of selectivity with the increase of polymer 
concentration [9,11]. The slight reduction of selectivity for 
PES/C15A0.75 (18.12) is most likely due to the bigger 
agglomeration size as compared to the rest of MMMs. The 
larger interfacial voids and area facilitate the transport of gas 
and this was supported by the highest penetration of the 
bigger gas molecule (CH4) through the permeance value 
(0.19). Note that PES/C15A0.5 and PES/C151 did not suffer 
much decline in performance and is probably due to the 
smaller size of agglomerate and the interfacial defect was not 
as severe as in 0.75 wt% sample. Although this finding 
adversely deviates from the well-known tortuosity theory, few 
works have also reported similar findings with our study 
especially for low clay concentration [7,19]. 
 
Table 3. Gas permeation properties for CO2 and CH4 measured at 3 bar and 
25qC. 
Membrane PCH4  (GPU) PCO2 (GPU) Selectivity 
PES 0.06 േ 0.001 0.94 േ 0.06 16.94   േ 0.95 
PES/C15A0.25 0.16 േ 0.012 3.47 േ 0.05 22.51   േ 2.11 
PES/C15A0.5 0.14 േ 0.007 3.06 േ 0.18 21.55   േ 1.13 
PES/C15A0.75 0.19 േ 0.007 3.40 േ 0.02 18.12   േ 0.05 
PES/C15A1 0.08    േ 0.001 3.71   േ 0.03 46.89   േ 0.94 
1 GPU = 1 x 10-6 cm3 (STP)/cm2 s cmHg 
 
3.3 Effect of membrane coatings on gas permselectivity 
 
The permeability results and selectivities for the 
PES/C15A membranes and pristine PES before and after 
coating are compared in Figs. 5 and 6. Silicone rubber coating 
and thermal curing improves the performance of the 
membrane by caulking the pinholes or defects on the 
membrane outer dense skin layer. From Fig. 5, permeance of 
CH4 for the uncoated membrane was found to be the highest 
for pristine PES. Extremely high pressure normalized flux is 
most likely due to a large number of surface porosity [20]  
and formation of large pores (defects) and free volume [11] 
which deviates from the solution diffusion mechanism. 
Addition of clay particle has caused a significant reduction on 
the CH4 permeance (70 – 88%) which indicates a positive 
influence of the filler. For the coated samples, permeance of 
CH4 was further reduced compared to the uncoated samples as 
shown in Fig. 5. As mentioned previously, the existence of 
bigger agglomerate as evident in the SEM images gives a less 
resistance path for CH4 to diffuse. This effect is also observed 
for CO2 permeance from the same uncoated sample which 
then contributes to the lowest selectivity.   
In general, CO2 permeance shows a reduction from 9.6 - 
14.19 GPU (uncoated) samples to 0.94 - 3.71 GPU (coated) 
for the neat and MMM. It is also worthwhile to note that 
PES/C15A1 shows a significant enhancement in the 
performance with the lowest CH4 permeance (0.08) and 
highest CO2 permeance (3.71) among the MMM. As a result, 
the membrane experienced an intense increase in the 
selectivity (46.89) and the postulated reasons have been 
described in Section 3.2. An interesting theory on the effect of 
exfoliation of silicate galleries arises as there is a significant 
reduction of CH4 permeance compared to other MMM. 
However, this will entail a thorough microscopic investigation 
by high resolution transmission electron that can provide a 
comprehensive view on dispersion of the intercalated or 
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Fig. 5. Comparison of single gas CO2 and CH4 permeance for uncoated and 
coated membrane samples as a function of clay loadings. 
 
exfoliated silicate layers. 
Generally, coating will decrease the pressure normalized 
flux of all gases and consequently improved the selectivity as 
shown in this study. Moreover, all the coated samples show 
an increase permeance for CO2 and selectivity compared to 
the neat. Several studies have reported similar improvement 
on the gas transport properties upon coating and heat 
treatment [21,22].          
 
 
 
Fig. 6. Comparison of selectivity for uncoated and coated membrane samples 
as a function of clay loadings.   
 
Conclusions 
 
PES-cloisite15A mixed matrix membranes were fabricated 
with different loadings of clay particles and the effect of 
morphological structure and gas transport was analysed for 
the uncoated and coated samples. From this work, the increase 
of clay loading has changed the cellular morphology and long 
finger-like macrovoids to a denser microstructure. These 
changes affected the gas separation properties for the MMMs. 
Formation of agglomerate plays an important role in the 
performance of the membrane especially for PES/C15A0.75 
which has the lowest selectivity. At 1 wt%, the highest 
permeance was achieved for CO2 and the increase of 
selectivity was significant. Silicone rubber coating and 
thermal curing was also found to be effective in improving the 
gas separation in terms of selectivity.    
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